Multihydroxy-anthraquinone derivatives [i.e. 1,2,4-trihydroxyanthraquinone (124-THAQ), 1,2,7-trihydroxyanthraquinone (127-THAQ), and 1,2,5,8-tetrahydroxyanthraquinone (1258-THAQ)] can interact with various additives [e.g. iodonium salt, tertiary amine, N-vinylcarbazole, and 2-(4-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine] under household green LED irradiation to generate active species (cations and radicals). The relevant photochemical mechanism is investigated using quantum chemistry, fluorescence, cyclic voltammetry, laser flash photolysis, steady state photolysis, and electron spin resonance spin-trapping techniques. Furthermore, the Multihydroxyanthraquinone derivative-based photoinitiating systems are capable of initiating cationic photopolymerization of epoxides or divinyl ethers under green LED, and the relevant photoinitiation ability is consistent with the photochemical reactivity (i.e. 124-THAQ-based photoinitiating system exhibits highest reactivity and photoinitiation ability). More interestingly, Multihydroxy-anthraquinone derivative-based photoinitiating systems can initiate free radical crosslinking or controlled (i.e. RAFT) photopolymerization of methacrylates under green LED. It reveals that Multihydroxy-anthraquinone derivatives can be used as versatile photoinitiators for various types of photopolymerization reactions.
Introduction:
The discovery of compounds derived from nature for their application as photoinitiators in photopolymerization processes under visible light is of great interest in various fields ranging from imaging, radiation curing and optics technologies to (bio)medicine, microelectronics and material science. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Such natural dyes exhibit great potential to act as non-toxic photoinitiators for the fabrication of biocompatible polymeric materials. [11] After the absorption of suitable light, natural dyes are promoted to excited states and can then interact with additives through electron (or energy) transfer reactions to yield active species (e.g. cations or radicals) to initiate photopolymerization reactions. [7, [12] [13] [14] [15] [16] [17] [18] [19] [20] The relevant reactivity between natural dyes and additives is strongly related to their photochemical properties. Recently, curcumin (a yellow-orange natural dye derived from rhizomes of Curcuma longa) based photoinitiating systems have been reported to demonstrate excellent photoinitiation ability for the free radical photopolymerization of methacrylates especially under blue light. [11] Markedly, the crosslinked polymethacrylate materials that were produced exhibited no toxicity to human fibroblast HS-27 cells, indicating that curcumin can be an ideal photoinitiator for the production of biocompatible polymers. [11] In addition, dihydroxyanthraquinone derivatives and Oil Blue N can also act as blue-lightsensitive and red-light-sensitive photoinitiators of polymerization respectively. [21, 22] These promising results prompted us to explore the ability of other natural dyes to initiate photopolymerization, in particular searching to natural photoinitiators that absorb light at longer wavelengths than previously.
Even though several photoinitiators have been reported to work under green light, [23] [24] [25] [26] [27] they were chemically synthesized, rather than derived from natural sources.
9,10-anthraquinone derivatives (AQs) are natural dyes from plants or biological sources and exhibit different light absorption properties depending on the substituent groups. [28] Among them, 1,2,4-trihydroxyanthraquinone (124-THAQ; purpurin) is a natural dye found in the roots of madder plant (Rubia cordifolia). This natural compound has already found applications in cancer chemotherapy (through the interaction with DNA) and in dyeing of nylon. [29, 30] 1,2,7-trihydroxyanthraquinone (127-THAQ; anthrapurpurin) has been used to assist the determination of scandium in a non-aqueous medium. [31] Another derivative, 1,2,5,8-tetrahydroxyanthraquinone (1258-THAQ; quinalizarin), can act as a cell-permeable inhibitor of protein kinase CK2. [32] To the best of our knowledge, there has been no study on the application of these multihydroxy-anthraquinone derivatives as photoinitiating systems for various types of photopolymerizations.
In this paper, the photochemical reactivity between the multihydroxy-anthraquinone derivatives and additives is investigated under the irradiation of a household green light emitting dione (LED).
The ability of the generated active species (e.g. cations or radicals) from these photoinitiating systems to initiate cationic and free radical photopolymerizations under green LED irradiation is ascertained.
Results and Discussion

Light Absorption Properties of THAQs
As illustrated in Figure 1 (a) and Figure S5 and Table S3 in the SI). Overlap between the absorption spectra of both 124-THAQ and 1258-THAQ with the emission spectrum of the household green LED bulb ( Figure S6 and Table   S3 in the SI) is quite high, making them potential photoinitiators under green LED irradiation.
The absorption spectra of the three compounds were also calculated by TD-DFT at the M06-2X/cc-pVTZ level of theory (Figure 1 (b) ) and are in good qualitative agreement with the experimental spectra. A previous report [33] has recommended systematic scaling of the computational absorption values by approximately 1.16 to correct the systematic overestimation of singlet transition energies at this level of theory, and this indeed results in excellent agreement between the calculated λmax and the experimental values in the present work (Table S1 ). Both 124-THAQ and 1258-THAQ exhibit a bright S1 excited state dominated by a HOMO-LUMO, ππ* transition. In contrast,127-THAQ exhibits a dark S1 excited state dominated by an nπ* transition ( Figure S2 ). The relative ordering of the low-lying ππ* and nπ* states in all three molecules is directly correlated with the extent of intramolecular hydrogen bonding (IHB) present, as bonding between oxygen lone pairs and neighbouring hydroxyl groups will stabilise the n orbitals and shift their participation in electronic transitions to higher energy. As the number of IHBs present is increased, the more dominant the ππ* transitions become in the lowest energy excited states. This is confirmed by artificially "turning off" the hydrogen bonding by rotating the OH groups and observing the decrease in the ππ* transitions (see the SI for further details).
Photochemical Reactivity of THAQs with Additives
It has been reported that the excited states of anthraquinone derivatives (after the light absorption)
can interact with various additives [e.g. Iod (Ph2I + ), tertiary amine, and chlorotriazine, etc.] to generate active species (e.g. cations or radicals). [21, 22] The [34] by using Eox (124-THAQ) = 1.41 V (vs SCE) measured by cyclic voltammetry, Ered (Iod) = −0.2 V (vs SCE) [12] , and singlet state energy ES = 2.37 eV extracted from the UV-vis absorption and fluorescence emission spectra of 124-THAQ. [35] However, the electron transfer quantum yield (ΦeT = kqτ0 [Iod]/(1 + kqτ0
[Iod]) [12] ; interaction cannot be ruled out as the negative free energy change ∆GT (−0.51 eV, which is calculated from the classical Rehm-Weller equation [34] by using Eox (124-THAQ) = 1.41 V (vs SCE) measured by cyclic voltammetry, Ered (Iod) = −0.2 V (vs SCE) [12] , and triplet state energy of 124-THAQ ET = 2.12 eV calculated with TD-DFT at the M06-2X/cc-pVTZ level of theory) indicated the favorability of THAQs → 1 THAQs (hν)
1 THAQs + Ph2I
1 THAQs + R-Cl → THAQs
The overall photochemical reactivity of THAQs with additives can be qualitatively estimated using steady state photolysis. [36] As demonstrated in Figures S7 (a) 
Ph-NVK
Ph-NVK + + nNVK → Ph-(NVK)n+1
Following the electron transfer in the 124-THAQ/Iod system under light irradiation, the generated radicals can be observed directly by the ESR spin trapping experiment. The hyperfine splitting constants (HFS) for both the nitrogen (aN) and the hydrogen (aH) of the PBN/radical adducts can be used to determine the specific radicals. Specifically, in the 124-THAQ/Iod system aN = 14.3 G and aH = 2.2 G were determined (Figure 2 ), which can be assigned as PBN/phenyl radical adducts. [37, 38] This confirms the production of phenyl radicals (Ph • ) as in reactions 1-3. 
THAQs-based Photoinitiating systems for Cationic Photopolymerization
As demonstrated in reactions 1-3 and 6-7 above, THAQ-derived cations (THAQs •+ ) and NVK-derived cation (Ph-NVK + ) are expected to be generated from THAQs/Iod and THAQs/Iod/NVK photoinitiating systems during green LED irradiation. To study their photoinitiating ability in cationic photopolymerization, experiments with epoxide (EPOX) were first undertaken. As demonstrated in Table S4 , Iod alone cannot initiate the cationic photopolymerization of EPOX under the green LED irradiation as Iod can only work under UV light [39] . 124-THAQ/Iod was also inefficient under green light, probably due to the low electron transfer quantum yield of 124-THAQ/Iod (ΦeT = 0.134) as discussed above. Similarly, the zero fluorescence quantum yields of 127-THAQ and non-fluorescence quenching of 1258-THAQ/Iod also resulted in the inefficiency of the 127-THAQ (or 1258-THAQ)/Iod system. However, the addition of NVK [40] into the 124-THAQ/Iod system significantly promoted the photoinitiation ability of the relevant photoinitiating system and 50% of epoxide conversion was achieved after 2000 s of green light exposure ( Figure S9 in the SI) . Moreover, the cationic photopolymerization reaction of EPOX can also be confirmed by the consumption of epoxy group (~790 cm -1 ) and the concomitant formation of polyether (~1070 cm -1 ) and hydroxyl (~3430 cm -1 )
groups from the IR spectra before and after the photopolymerization ( Figure S10 in the SI). For 127-THAQ and 1258-THAQ based two-component or three-component photoinitiating systems (Table S4 in the SI), nearly no photopolymerization of EPOX was observed, which is in agreement with their photochemical reactivity as discussed above.
Next it was found that 124-THAQ/Iod system could initiate the cationic photopolymerization of DVE-3 in laminate under green LED irradiation and 90% of double bond (vinyl group) conversion was attained after 2000 s of photopolymerization ( Figure 3 ). More interestingly, the polymerization rate of DVE-3 was dramatically increased with the addition of NVK into the 124-THAQ/Iod system and 90%
conversion was achieved within 500 s using 124-THAQ/Iod/NVK system. The IR spectra of DVE-3 before and after photopolymerization upon exposure to green light further confirmed the reaction of the vinyl group (~1620 cm -1
) of DVE-3 ( Figure S11 in the SI). As reported previously, [41] Ph-DVE-3 + was the initiating species (reactions 9-10) for the polymerization of DVE-3 in the presence of 124-THAQ/Iod while Ph-NVK + (reaction 7) was more efficient to initiate the polymerization when using 124-THAQ/Iod/NVK system. 
THAQs-based Photoinitiating systems for Free Radical Photopolymerization
As demonstrated in reactions 1-5 above, various radicals (i.e. Ph Consistently, the 124-THAQ/Iod/NVK combination was capable of initiating cationic photopolymerization of EPOX under green LED (50% conversion after 2000 s) and DVE-3 (90% conversion after 500 s). The THAQ-based photoinitiating systems can also initiate free radical photopolymerization of methacrylates (Bis-GMA/TEGDMA) and their photoinitiation ability was even higher than the well-known CQ/TEAOH system upon green LED exposure. Markedly, the controlled photopolymerization (under green light) of monofunctional methacrylate (DEGMEMA) can also be achieved using the 124-THAQ photoinitiating system with the addition of a RAFT agent (CPADB). In summary, multihydroxy-anthraquinone derivatives are versatile photoinitiators under green LED irradiation.
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